A genomewide association study in Chinese patients with leprosy detected association signals in 16 single-nucleotide polymorphisms (SNPs) belonging to 6 loci, of which 4 are related to the NOD2 signaling pathway and are Crohn's disease susceptibility loci. Here, we studied these 16 SNPs as potential leprosy susceptibility factors in 474 Vietnamese leprosy simplex families. We replicated SNPs at HLA-DR-DQ, RIPK2, CCDC122-LACC1, and NOD2 as leprosy susceptibility factors in Vietnam. These results validated the striking overlap in the genetic control of Crohn's disease and leprosy.
Leprosy is a chronic infectious disease of the skin and peripheral nerves and continues to contribute to the public health burden in several countries [1] . The causal agent, Mycobacterium leprae, shows high host specificity and displays low genomic diversity across strains. Only a small proportion of exposed individuals become infected and develop clinically overt disease [2] . The clinical presentation of leprosy can be broadly classified into 2 groups: paucibacillary leprosy (PB), characterized by a small number of anesthetized skin lesions with a lack of detectable M. leprae bacilli, and multibacillary leprosy (MB), characterized by numerous skin lesions with an abundance of M. leprae bacilli. Susceptibility to leprosy per se and the development of the clinical subtypes depend on human genetic factors [2] .
Forward human genetics has led to the positional identification of leprosy risk variants in PARK2, LTA, and HLA-C [3] [4] [5] . A genome-wide association study (GWAS) conducted in Chinese patients with leprosy identified associations in 6 genes: CCDC122, LACC1(formerly C13orf31), NOD2, TNFSF15, HLA-DR, and RIPK2 [6] . Three of these genes (TNFSF15, NOD2, RIPK2) are part of the NOD2 signaling pathway, and 4 have been associated with Crohn's disease (TNFSF15, NOD2, HLA-DR, LACC1) [7] . In addition, a trend toward association was observed for the PARK2-interacting LRRK2 gene, which is associated with both Parkinson's disease and Crohn's disease [6] . To assess whether these findings may be extended beyond the Chinese population, we performed an association study among 474 Vietnamese simplex families (2 parents and 1 leprosy affected child) with the 16 leprosy-associated single-nucleotide polymorphisms (SNPs) identified in the Chinese GWAS.
METHODS

Study Population
Patients with leprosy who had parents willing to provide blood for DNA extraction were recruited into the study based on records at the Dermato-Venereology Hospital in Ho Chi Minh City, as described previously [3] [4] [5] . Leprosy diagnosis and classification according to subtype were based on standard World Health Organization (WHO) criteria [2] . A total of 474 trios were appropriate for family-based association analyses (a subset of which has been used in previously published studies [eg, [3] [4] [5] ). The breakdown according to subtype included 286 MB offspring and 188 PB offspring. Informed consent was obtained from all study participants. The study was approved by institutional review boards and health authorities in Ho Chi Minh City, Vietnam, and the Research Institute of the McGill University Health Centre, Montreal, Canada.
Genotyping Methods
The 16 SNPs identified as significant in the Chinese GWAS were genotyped as a part of a larger genotyping effort using the high-throughput SEQUENOM MassARRAY platform.
Statistical Methods
All SNPs displayed a genotyping call rate >97%, an HardyWeinberg Equilibrium (HWE) P value >.01, and <2 Mendelian errors and were therefore kept for the analysis. Family-based association tests (FBATs) were performed using FBAT software, version 2.0.3, to test for association using the classical transmission disequilibrium test [8] . To provide direct comparability with the original Chinese GWAS, which presented Cochran-Armitage trend test data, the additive model was tested for each marker. However, the recessive and dominant models were also tested. Risk estimates were obtained using conditional logistic regression with use of SAS v. 9.2 (SAS Institute, Cary, North Carolina, USA). as previously described [9] . In this particular context of a replication study, we performed 1-sided statistical tests using the alternative hypothesis that the risk allele identified in the Chinese GWAS was over-transmitted to affected children in the present Vietnamese study.
Power was calculated using the software QUANTO [10] for a 1-sided type I error of 0.05 based on observed Vietnamese MAF, odds ratio (OR) estimates reported by Zhang et al [6] , and a sample size of 474 trios, as in the Vietnamese study. Power estimates for all 16 SNPs are given in Table 1 .
RESULTS
In the present Vietnamese sample, allele frequencies were similar to those reported in the original Chinese GWAS sample (Table 1 ). In the Vietnamese leprosy families, the SNP rs602875 located in the HLA-DR-DQ HLA class II region was associated with leprosy at P = 5 × 10 −5 . As observed for Chinese patients, the major SNP allele "A" was associated with leprosy, and the genetic effect was very similar to the one observed in the original Chinese GWAS (OR, 1.61 vs 1.50) ( Table 1 ). The major alleles of the 2 RIPK2 SNPs rs42490 and rs40457, alleles "G" and "A," respectively, were associated with leprosy in Chinese patients. At rs42490, frequencies of the major and minor alleles were close to 0.5, and these were reversed in the Vietnamese sample. The association at this SNP was found to be borderline significant (P = .042) for the same risk allele with a risk estimate similar to that for Chinese patients. (Table 1) .
For the CCDC12-LACC1 locus, alleles "A," "G," and "A" at rs3088362, rs3764147, and rs10507522 were associated with leprosy in the Vietnamese families. This result was consistent with the one observed in the Chinese sample with similar effect sizes (Table 1) . Under an additive model, the P values , respectively. However, we observed higher statistical significance under a dominant model for rs3088362 (P = 4 × 10 ) and a recessive model for rs10507522 (P = 2 × 10
−3
). The fourth SNP tested, rs9533634, showed the same trend as in the Chinese study (ie, risk allele A) but was not significant in the Vietnamese study population (P = .13). Of note, this SNP had displayed lowest statistical significance among the 4 in the original study and, therefore, displayed the lowest power to detect association in the Vietnamese families (Table 1) .
Of the 4 SNPs in the vicinity of NOD2 that were found to be associated with leprosy among Chinese patients, only the most highly associated SNP rs9302752, located in the 5′ region outside of NOD2, was replicated in the Vietnamese study population (P = .014). We obtained a slightly lower effect estimate of this SNP on leprosy susceptibility (OR = 1.27), compared with that in the Chinese study (OR = 1.59) ( Table 1) . Of note, for the other SNPs, only rs7194886 displayed a trend similar to the one observed in the Chinese study, with the G allele being at risk (P = .16).
None of the risk alleles of the 4 SNPs in TNFSF15 or of the single SNP in LRRK2 was significantly over-transmitted to leprosy affected offspring in the Vietnamese study population, and as opposed to some other nonsignificant SNPs (see above), there was no consistency in the risk alleles between the 2 studies. Of note, the Vietnamese sample only had power of 0.43 to detect an association of leprosy with LRRK2 SNP rs1873613, which may explain our failure to validate this SNP (Table 1) . By contrast, power to detect association at the 4 SNP alleles in TNFSF15 was substantially higher, ranging from 0.60 to 0.96.
In Chinese patients with leprosy, stronger associations among MB case than among PB cases were detected for rs42490 in RIPK2, rs3764147 and rs10507522 in CCDC12-LACC1, and rs9302752 in NOD2. Consequently, we performed stratified analyses by MB/PB subtype. In concordance with the GWAS results, we detected stronger genetic effects among MB patients than among PB patients across these 4 markers and across 2 additional markers (ie, rs602875 and rs3088362) ( Table 2) .
DISCUSSION
A GWAS conducted in Chinese patients with leprosy detected an association at 6 independent loci, including 16 SNPs [6] . However, only 2 CCDC122-LACC1 SNPs were validated in the combined sample of 1 Malian and 2 Indian casecontrol studies [11] . This raised the possibility that the majority of susceptibility loci detected in the Chinese patients were ethnicity-specific and prompted us to test the Chinese markers in Vietnamese patients with leprosy. Our study used a family-based study design, which has the advantage of being robust to cryptic population stratification, an issue that can Abbreviations: CI, confidence interval; N, number of trios; OR, odds ratio; RA, risk allele; ns, not significant (P > .05). a OR and 1-sided 95% CI (95% uniCI) derived from the 1-sided family-based association test under the additive model.
lead to false-positive associations in population-based studies. We analyzed 474 trios and had power >80% to detect an effect of the size reported in the original Chinese study for at least 1 SNP at all of the 6 loci except the LRRK2 gene, in which power was as low as 43%. The SNPs detected in the GWAS are unlikely to be the direct cause of increased leprosy susceptibility. It is more likely that they are in linkage disequilibrium (LD) with the true causal variants. Therefore, the more genetically distantly related 2 populations are, the more likely LD patterns are to obscure an underlying association with an untested causal variant or variants. Compared with the Indian and Malian populations, the Chinese and Vietnamese populations are genetically more closely related and show a higher degree of similarity in their LD patterns, which is expected to increase power for replicating genetic associations between these 2 ethnic groups. This may explain the higher number of replicated loci in the Vietnamese population at 4 (HLA-DR-DQ, RIPK2, CCDC12-LACC1, and NOD2), compared with only 1 in the Indian and Malian populations. Despite a high level of power ranging from 0.60 to 0.96, we failed to detect a significant association signal or even a trend for all 4 tested SNPs in TNFSF15 among the Vietnamese families.
The ethnic specificity of association signals does not necessarily imply ethnicity-specific mechanisms of leprosy pathogenesis. More likely, such ethnic specificity again reflects differences in LD of the studied SNPs with the causative genetic variants along ethnic lines as previously observed for LTA [3] . However, whether failure to detect an association signal at LRRK2 and TNSF15 in the Vietnamese study and in the Indian/ Malian study reflects changing patterns of LD or true heterogeneity of leprosy pathogenesis can only be decided after the causative variants have been identified and tested in different ethnicities. Alternatively, the lack of association at LRRK2 may be attributable to low power in the replication samples to detect the association (eg, 0.43 in the present Vietnamese population).
One of the unexpected findings of the first GWAS study of leprosy was that 3 of the genes implicated in leprosy susceptibility belonged to the NOD2 signaling pathway (NOD2, TNSF15, RIPK2), and 2 of these genes among others in the NOD2 pathway had previously been implicated in Crohn's disease. Furthermore, 3 other Crohn's disease susceptibility genes (HLA-DR-DQ, LACC1, LRRK2) were also identified in the leprosy GWAS. Validation of signals at RIPK2 and NOD2 in the Vietnamese population underlined the importance of the NOD2-signaling pathway in leprosy susceptibility, and signals at HLA-DR-DQ and CCDC12-LACC1 further solidified the striking overlap in the genetic control of leprosy and Crohn's disease [7] .
Specifically, a compelling indication for possibly shared host response pathways in leprosy and Crohn's disease is derived from the observation that for LACC1, the G allele at rs3764147, which was consistently associated with leprosy among Chinese, Vietnamese, Indian, and Malian patients, had previously been found to be associated with Crohn's disease [12, 13] . Of interest, the SNP is linked to an Ile-to-Val amino acid change in the multicopper oxidoreductase domain of LACC1. A subsequent analysis of the same Chinese samples using an expanded set of controls generated additional evidence for the importance of the NOD2 signaling pathway through identification of susceptibility genes IL23R and RAB32 [14] . Of additional interest, variants linked to HLA class II region SNP rs602875 have also been implicated in Crohn's disease.
The shared importance of the NOD2 pathway in leprosy and Crohn's disease points to mechanisms involved in broadbased bacterial recognition triggered by M. leprae infection in leprosy and intestinal bacteria in Crohn's disease. The NOD2 signaling pathway is activated nonspecifically by the presence of bacteria in the cytosolic compartment of myeloid cells and, experimentally, can be stimulated by Freund's adjuvant [15] . Other Crohn's disease genes outside the NOD2 pathway may also be involved in similarly nonspecific responsiveness to bacterial infection. Compared with Crohn's disease, the genetic control of leprosy appears to be limited to a more defined set of genes. However, Crohn's disease has benefitted from high statistical power garnered through large collaborative efforts [12] , whereas there have been fewer leprosy studies. It remains unclear whether the majority of leprosy susceptibility variants are related to bacterial response nonspecific to M. leprae or whether some portion of variation underlies M. leprae-specific responsiveness. To answer this question, additional GWAS studies in leprosy are required.
Notes
